The Legionella pneumophila effector protein VipA is an actin nucleator that colocalizes with actin filaments and early endosomes in infected macrophages and which interferes with organelle trafficking when expressed in yeast. To identify the regions of VipA involved in its subcellular localization and functions, we ectopically expressed specific VipA mutant proteins in eukaryotic cells. This indicated that the characteristic punctate distribution of VipA depends on its NH 2 -terminal (amino acid residues 1-133) and central coiled-coil (amino acid residues 133-206) regions, and suggested a role for the COOH-terminal (amino acid residues 206-339) region in association with actin filaments and for the NH 2 -terminal in co-localization with early endosomes. Co-immunoprecipitation and in vitro assays showed that the COOH-terminal region of VipA is necessary and sufficient to mediate actin binding, and is essential but insufficient to induce microfilament formation. Assays in yeast revealed that the NH 2 and the COOHterminal regions, and possibly an NPY motif within the NH 2 region of VipA, are necessary for interference with organelle trafficking. Overall, this suggests that subversion of eukaryotic vesicular trafficking by VipA involves both its ability to associate with early endosomes via its NH 2 -terminal region and its capacity to bind and polymerize actin through its COOH-terminal region.
Introduction
The gram-negative pathogen Legionella pneumophila is able to invade and replicate inside a diversified group of amoebae. Throughout millions of years of co-evolution, the bacterium has acquired an array of mechanisms that enable it to infect human alveolar macrophages, causing an atypic pneumonia known as Legionnaires' disease, or the milder illness Pontiac fever. Within host phagocytic cells, Legionellae thrive in a remodeled phagosomal compartment, known as the Legionella-containing vacuole (LCV). Early after cellular uptake, the LCV segregates from the endocytic pathway, and sequentially, recruits vesicles trafficking between the endoplasmic reticulum (ER) and the Golgi, mitochondria and ribosomes, eventually becoming a rough ER-like compartment. In this modified niche, the bacteria divide until they finally exit the host cell (Franco et al. 2009; Isberg et al. 2009 ). These processes require a Type IVB secretion system, known as Icm/Dot, which translocates over 300 effector proteins into host cells (Zhu et al. 2011) . These are involved in the subversion of key host cell processes such as cytoskeleton dynamics, vesicle trafficking, transcription, translation, lipid signaling, apoptosis, or proteasomal degradation (Hubber et al. 2013; Asrat et al. 2014; Pizarro-Cerda et al. 2014; Rolando and Buchrieser 2014; Speir et al. 2014) .
ORIGINAL RESEARCH

Identification of regions within the Legionella pneumophila
VipA effector protein involved in actin binding and polymerization and in interference with eukaryotic organelle trafficking
Microbial pathogens modulate the host cell actin cytoskeleton to control phagocytosis, adhesion, cell-cell contacts, movement within the cytosol, spreading to neighboring cells, or development of a niche viable for intracellular bacterial replication (Kumar and Valdivia 2008; Carabeo 2011; Haglund and Welch 2011) . This is accomplished by effector proteins that hijack the major eukaryotic actin nucleators Arp2/3 complex and formins (Truong et al. 2014) , modulate key regulators of actin dynamics (e.g., Rho GTPases) (Hardt et al. 1998; Egile et al. 1999; Stender et al. 2000; Zhou et al. 2001; Patel and Galan 2006; Rottner et al. 2010) , or directly polymerize actin (Hayward and Koronakis 1999; Jewett et al. 2006; Liverman et al. 2007; Haglund et al. 2010; Franco et al. 2012) . The actin network also plays a fundamental role in the Legionella infection process. Actin polymerization is necessary for bacterial uptake and subsequent intracellular replication in human macrophages (King et al. 1991) . Furthermore, a recent analysis of the human monocyte-derived macrophages transcriptome upon L. pneumophila infection revealed an alteration of expression of host genes encoding proteins involved in cytoskeleton dynamics, such as actin nucleators (Arp2/3 complex subunits, DIA1), nucleation-promoting factors (WASF1/WAVE1), and other actin-binding proteins (CapZ, tropomodulin, advillin, alpha-actinin 4), or Rho GTPases and their effectors (Rac1, RhoA, RhoGAP1, ROCK1, DOCK2) (Price and Abu Kwaik 2014) . Similarly, F-actin formation is also necessary for entry into the amoeba Dictyostelium, and several actin-binding proteins have been shown to favor or counteract Legionella entry and intracellular growth, and associate with the LCV (e.g., coronin, cofilin, myosin II, profilin, Arp2/3 components, and actin bundling and capping proteins) (Hagele et al. 2000; Solomon and Isberg 2000; Fajardo et al. 2004; Shevchuk et al. 2009; Urwyler et al. 2009; Peracino et al. 2010; Shina et al. 2010) . However, in contrast to other pathogens, the identification and characterization of Legionella effectors targeting the actin network has remained elusive. In fact, only three effectors have been implicated in modulating formation of microfilaments, with VipA promoting actin polymerization, and Ceg14 and LegK2 inhibiting it (Franco et al. 2012; Guo et al. 2014; Michard et al. 2015) .
We previously showed that VipA nucleates actin polymerization in vitro, and co-localizes with actin filaments and early endosomes in infected macrophages (Franco et al. 2012) . A similar distribution was observed when VipA was ectopically expressed in mammalian Chinese hamster ovary (CHO) cells or in yeast Saccharomyces cerevisiae. In addition, VipA impaired trafficking of yeast vacuolar proteins through the multivesicular body (MVB) pathway, causing vacuolar protein sorting (Vps) defects (Shohdy et al. 2005 ). To understand how the different regions of VipA ( Fig. 1) contribute to its subcellular localization and functions, we analyzed mutant VipA proteins for their subcellular localization in eukaryotic cells, ability to bind and to polymerize actin in vitro, and to induce Vps defects in yeast. The results indicate that the NH 2 region of VipA (amino acid residues 1 to 133) is necessary for co-localization with early endosomes, whereas the COOH-terminal of VipA (amino acid residues 202 to 339) is an actin-binding region, which is essential, but not sufficient, for VipA-mediated actin polymerization. We also found that the NH 2 and COOH-terminal regions of VipA cooperate to interfere with organelle trafficking in yeast, in a process that might involve the NPY 76-78 motif of VipA. Figure 1 . Representation of the deletions and amino acid substitutions introduced in the different VipA mutants studied throughout this work. Numbers correspond to positions of amino acid residues in the primary structure of VipA and dashed lines to deleted regions; NH 2 , NH 2 -terminal region; CC, coiled-coil region; COOH, COOH-terminal region; NPY, asparagine-proline-tyrosine motif; Pro, proline-rich sequence. 
Experimental procedures
Strains and media L. pneumophila JR32 (Sadosky et al. 1993) , Escherichia coli, and S. cerevisiae strains (listed in Table S1 ) used in this work were grown as previously described (Shohdy et al. 2005; Franco et al. 2012 ).
Plasmids and oligonucleotides
Plasmids and oligonucleotides used in this study are listed in Tables S2 and S3 , as well as details of how relevant plasmids were constructed. For general cloning procedures, restriction enzymes (MBI Fermentas Inc., Burlington, Ontario, Canada), T4 DNA ligase (MBI Fermentas), and Phusion polymerase (Finnzymes Inc., Lafayette, Colorado, USA) were used according to the manufacturer's instructions. The accuracy of the nucleotide sequence in the inserts in all the constructed plasmids was checked by DNA sequencing.
Mammalian cell culture
Chinese hamster ovary FcγRII cells (Joiner et al. 1990) were grown in Dulbecco's Modified Eagle Medium (DMEM; Life Technologies, Carlsbad, California, USA) and 10% (v/v) heatinactivated fetal bovine serum (FBS; Life Technologies), at 37°C in a 5% (v/v) CO 2 incubator. CHO cells were transfected using the jetPEI ™ reagent (Polyplus, Martensville, Hatchettina, Canada) according to manufacturer's protocol.
Antibodies and fluorescent dyes
The following antibodies were used for immunoblotting: goat anti-GFP (SICGEN, Cantanhede, Portugal; 1:1000), rabbit anti-actin (Sigma-Aldrich, St. 
Fluorescence microscopy
Transfected CHO cells were fixed and permeabilized for immunofluorescence microscopy as described previously (Franco et al. 2012) . Yeast cells were analyzed live, also as previously described (Franco et al. 2012 Overexpression and purification of His 6 -VipA proteins E. coli BL21(DE3) strains harboring plasmids encoding 6xHis-tagged proteins (see Table S1 ) were grown at 37°C for 18 h (His 6 -VipA and His 6 -VipA ΔNH2 ) or at 37°C for 5 h followed by 24 h at 26°C (VipA ΔCC, VipA ΔCOOH and VipA COOH ) in auto-induction conditions (as previously described by (Studier 2005) . Cells were harvested by centrifugation and the cell pellet resuspended in 10 mL of lysis buffer (50 mmol/L Na 2 HPO 4 , 300 mmol/L NaCl, 20 mmol/L imidazole). Bacteria were lysed with three passages in a French press at 900 Psi in the presence of 1 mmol/L PMSF and lysates were centrifuged at 13,000× g for 30 min at 4°C. His-tagged proteins were purified from the soluble fraction using Ni-NTA (nickel-nitrilotriacetic acid) chromatography (Qiagen, Valencia, California, USA) and eluted with Imidazole gradients.
Yeast Invertase assays
S. cerevisiae cells expressing GFP and/or mCherry fusion proteins were grown in plates with YNB-Ura/-Leu supplemented with 2% (w/v) fructose at 30°C for 3 days, streaked on the same media with fructose (noninducing media) or galactose (inducing media), grown for 24 h and used for microscopy, invertase assays, or protein extract preparation. Assays for qualitative and quantitative detection of invertase enzymatic activity were performed as described (Darsow et al. 2000; Shohdy et al. 2005) .
In vitro actin polymerization assays
Preparation of G-Actin and polymerization assays were carried out essentially as described (Franco et al. 2012 ) with the following alterations. Samples contained 1 μmol/L G-actin (Cytoskeleton, >99% pure; 10% Pyrene-actin) and purified His 6 -VipA mutants in G-Mg buffer were added as indicated. Polymerization assays were carried out in quartz cuvettes (3 mm optical path length), and fluorescence read in a Varian Cary Eclipse fluorescence reader. Values were obtained using an excitation wavelength of 365 nm and emission of 407 nm (10 nm slit width), and recorded at 1-min intervals. Data were collected with Cary Eclipse software and then processed in Excel (Microsoft, Redmond, Washington, USA).
Results
The primary structure of VipA (339 amino acid residues) does not display significant similarities to known proteins or domains. However, VipA has a predicted coiled-coil region, ranging from a phenylalanine residue at position 133 (F 133 ) to a threonine residue at position 206 (T 206 ) ( Fig. 1 ), which could be involved in protein-protein interactions. A more thorough examination also revealed two motifs involved in the capacity of several bacterial and mammalian proteins to modulate actin dynamics: an Asparagine-Proline-Tyrosine sequence (residues 76-78; NPY [76] [77] [78] ) and a region rich in prolines (residues P 253 -P 262 ) ( Fig. 1) (Reinhard et al. 1995; Gertler et al. 1996; Suetsugu et al. 1998; Ahern-Djamali et al. 1999; Lambrechts et al. 2000; Brady et al. 2007; He et al. 2009 ).
To investigate the contribution of the different regions of VipA to its known subcellular localization and functions, we subdivided it in an NH 2 -terminal region (hereafter named "NH 2 ", from the initial methionine residue to F 133 ), a central coiled-coil region ("CC", from F 133 to T 206 ), and a COOH-terminal region ("COOH", from T 206 to the terminal leucine residue at position 339) (Fig. 1) . We initially constructed eukaryotic expression plasmids encoding VipA deletion mutants containing only one of these regions (VipA NH2 , VipA CC or VipA COOH ; Fig. 1 ) or lacking only one of these regions (VipA ΔNH2 , VipA ΔCC or VipA ΔCOOH ; Fig. 1 ). We also constructed eukaryotic expression plasmids encoding VipA mutant proteins where the NPY 76-78 motif was replaced by alanines (VipA NPY→AAA ), or where the proline-rich region was deleted (VipA ΔPro ) (Fig. 1) .
Analysis of the localization of ectopically expressed VipA mutant proteins in mammalian cells
We first analyzed the distribution of wild-type VipA (VipA WT ) or VipA mutant proteins fused to enhanced green fluorescent protein (EGFP) via their C-termini (VipA-EGFP proteins) after transient expression in mammalian CHO cells. After 24 h of transfection with plasmids encoding VipA-EGFP proteins, the cells were fixed, co-labeled for F-actin with fluorophore-conjugated phalloidin, and analyzed by fluorescence microscopy. In a previous work, we had observed a punctate localization of VipA WT -EGFP in CHO cells, a partial co-localization with F-actin patches and, to a lesser extent, with early endosomes (Franco et al. 2012) . This distribution was also observed for endogenous VipA translocated by L. pneumophila during infection of THP-1 macrophages (Franco et al. 2012) , supporting the use of transfected CHO cells as a model for the analysis of the localization of VipA in eukaryotic cells. In the present work, we found that VipA ΔCOOH -EGFP, VipA NPY→AAA -EGFP, and VipA ΔPro -EGFP localized in foci that appear to co-localize with F-actin as well as VipA WT -EGFP (Fig. 2,  left panel) . Interestingly, VipA ΔNH2 -EGFP partially localized in patches and elongated structures that markedly overlapped with F-actin in the subcortical region ( Fig. 2 ; left panel). In contrast, VipA ΔCC -EGFP, VipA NH2 -EGFP, VipA CC -EGFP , and VipA COOH -EGFP were homogeneously spread in the cytosol ( Fig. 2; left panel) . To analyze the co-localization of VipA WT -EGFP, VipA ΔCOOH -EGFP, VipA NPY→AAA -EGFP, and VipA ΔPro -EGFP with actin objectively, we quantified the proportion of EGFP signal that overlapped phalloidin-stained actin filaments. This confirmed that when ectopically expressed in CHO cells, these proteins co-localize with F-actin in levels ranging from 31% in VipA ΔPro -EGFP to 50% in VipA WT -EGFP, values that shown no statistic difference (Fig. 3) .
Analysis of the expression of the VipA-EGFP proteins by immunoblotting of extracts of transfected CHO cells with an anti-GFP antibody showed that the fusion proteins migrate on SDS-PAGE according to their predicted molecular mass, but also revealed several degradation products (Fig. S1 ). To confirm that the EGFP tag was not affecting protein localization, and that the background fluorescence from the degradation products was not interfering with the analysis, we generated transfection plasmids where EGFP was replaced by a COOH-terminal myc tag in VipA variants showing a punctate subcellular localization (VipA WT , VipA ΔCOOH ; Fig. 2 , left panel), elongated patches that colocalize with F-actin (VipA ΔNH2 ; Fig. 2 left panel) , or a cytosolic distribution (VipA ΔCC ; Fig. 2, left panel) . These plasmids were used to transfect CHO cells, which after fixation were immunolabeled using anti-myc antibodies and stained for F-actin using fluorophore-conjugated phalloidin. Immunofluorescence microscopy revealed that the localization of these myc-tagged proteins was similar to the one observed for their counterpart EGFP fusion proteins ( Fig.  S2A and Fig. 2) . Furthermore, immunoblotting of extracts of transfected CHO cells with an anti-myc antibody revealed that the VipA-myc proteins migrated on SDS-PAGE according with their predicted molecular mass and with no detectable degradation products (Fig. S2B) .
To analyze the co-localization of VipA-EGFP proteins with early endosomes, transfected cells were immunolabeled with an anti-EEA1 antibody and an appropriate fluorophoreconjugated antibody and examined by confocal microscopy (Fig. 4A) . In each case, several confocal z-sections were used to quantify the co-localization of VipA-EGFP proteins with EEA1 (Fig. 4B ). This analysis showed that approximately 43% of VipA WT -EGFP co-localized with EEA1-labeled endosomes (Fig. 4B ). Relative to VipA WT -EGFP , VipA ΔPro -EGFP (~49%) and VipA ΔCOOH -EGFP (~50%) showed slightly higher levels of co-localization with EEA1, which in the case of VipA ΔCOOH -EGFP corresponded to a statistically significant difference (Fig. 3B) . In contrast, relative to VipA WT -EGFP, VipA ΔNH2 -EGFP (~25%) and VipA NPY→AAA -EGFP (~14%) showed an obvious and statistically significant lower co-localization with EEA-1-labeled endosomes (Fig. 4B) .
Taken together, the levels of co-localization of the different VipA proteins with EEA1 in mammalian cells suggested that the NH 2 region of VipA might be involved in association with early endosomes. The levels of colocalization between VipA protein and F-actin were less discriminative likely because of the dense meshwork of microfilaments in CHO cells, which makes the analysis difficult in this case.
Disruption of microfilaments in CHO cells affects localization of VipA mutant proteins containing the COOH region
It was anticipated that the localization of VipA variants associating with F-actin would be affected upon disruption of the microfilament network, and reveal a more obvious co-localization with F-actin, as previously observed for VipA WT (Franco et al. 2012) . To analyze if this was the case for the mutant VipA proteins, we transfected CHO cells with the different plasmids encoding VipA-EGFP proteins for 24 h and then incubated them with cytochalasin D for 30 min to disrupt the microfilament network. The cells were then fixed and stained for F-actin with fluorophoreconjugated phalloidin. After incubation with cytochalasin D, compact stress fibers are disassembled and only smaller cortical F-actin patches remain (Fig. 2, right panel) . In CHO cells expressing VipA WT -EGFP, and as previously reported (Franco et al. 2012) , the treatment with cytochalasin D leads to an alteration of VipA WT -EGFP distribution where puncta seem to coalesce and localize in larger patches close to the cell membrane that co-localize completely with phalloidinstained actin (Fig. 2, right panel) . Among the VipA proteins that in untreated CHO cells showed a punctate localization similar to VipA WT -EGFP (VipA ΔCOOH -EGFP , VipA NPY→AAA -EGFP and VipA ΔPro -EGFP; Fig. 2 , left panel), disruption of actin filaments resulted in the coalescence into actin-rich patches of those proteins containing the COOH region (VipA NPY→AAA -EGFP and VipA ΔPro -EGFP; Fig. 2, right panel) but not of the mutant protein lacking this region (VipA ΔCOOH -EGFP; Fig. 2, right panel) , which remained as small puncta (Fig. 2, right panel) . These observations were confirmed by quantifying the degree of co-localization of these VipA variants with F-actin (Fig. 3) . In cells where F-actin was disassembled by incubation with cytochalasin D, VipA WT -EGFP, VipA ΔPro -EGFP, and VipA NPY→AAA -EGFP showed similar levels of co-localization with actin (Fig. 3) , which in all cases were significantly higher than those observed in untreated cells (Fig. 3) . In contrast, in cells where F-actin was disassembled, the level of co-localization of VipA ΔCOOH -EGFP with actin was significantly small than that observed for VipA WT -EGFP, in the same experimental conditions (Fig. 3) . Moreover, the levels of co-localization of VipA ΔCOOH -EGFP with actin were not significantly different between cytochalasin D-treated cells and untreated cells (Fig. 3) . The behavior of myc-tagged VipA WT , VipA ΔNH2 , VipA ΔCC , and VipA ΔCOOH proteins expressed in CHO cells treated with cytochalasin D was identical to that observed in the EGFP counterparts ( Fig. 2 and Fig. S2, right panels) .
In summary, the analysis of the localization of the different VipA mutant proteins upon cytochalasin treatment indicates that the COOH region of the protein is involved in the co-localization of the protein with actin and therefore should mediate the interaction of VipA with actin.
Subcellular localization of VipA proteins in S. cerevisiae and co-localization with actin
In previous work (Franco et al. 2012 ), VipA-GFP or VipA-mCherry expressed in S. cerevisiae were shown to appear as foci that co-localized significantly with yeast actin-binding proteins (ABPs) present in early endosomes and in cortical actin patches. Therefore, we analyzed the subcellular localization of tagged VipA mutants and their association with ABPs in S. cerevisiae. We initially constructed yeast expression plasmids encoding VipA-GFP fusion proteins, identical to the ones used for expression in CHO cells, under the control of a galactose-inducible promoter (Table S1 ). After expression in yeast, VipA ΔCC -GFP, VipA ΔCOOH -GFP, VipA NPY→AAA -GFP, or VipA ΔPro -GFP displayed a punctate distribution similar to the one of VipA WT -GFP (Fig. S3A) . Expression of VipA ΔNH2 -GFP in yeast also led to the appearance of puncta, but in this case, the foci consistently showed a subcortical localization (Fig.  S3A) . Similarly to what was observed in CHO cells, expression in yeast cells of VipA NH2 -GFP, VipA CC -GFP, or VipA COOH-GFP resulted in their homogeneous distribution in the cytosol (Fig. S3A) . The accumulation and migration on SDS-PAGE with the predicted molecular mass of these proteins was confirmed by Figure 3 . Quantification of co-localization between VipA-EGFP fusion proteins and F-actin in mammalian CHO cells untreated (−) or treated with cytochalasin D (+cyto). Quantification of co-localization between VipA and actin was performed by calculating the Manders coefficient using ImageJ and the Plugin JACoP (see Experimental Procedures). The Manders coefficient corresponds to the fraction of VipA-EGFP signal (green) overlapping with actin signal (red) divided by the total green signal in a cell. Symbols represent individual cells expressing VipA-EGFP mutant proteins (n ≥ 14 from three independent experiments) and bars indicate mean and standard error of the mean. Statistical analysis was performed as described in Experimental Procedures and the obtained P value indicating statistically significant differences is indicated (***, P < 0.001). All other differences between data sets are not statistically significant (P > 0.05).
immunoblotting of the corresponding cell extracts with an anti-GFP antibody (Fig. S3B) .
To assess if, as VipA WT , the VipA mutants that appear as foci after their expression in yeast (VipA ΔNH2 , VipA ΔCC , VipA ΔCOOH , VipA NPY→AAA , VipA ΔPro ) co-localize with ABPs, we used two strains constitutively expressing ABP1-GFP or ABP140-GFP (markers for actin associated with early endosomes or cortical actin patches/actin cables, respectively) (Huckaba et al. 2004 ). These strains were used as recipients for plasmids carrying VipA WT or mutant VipA-mCherry fusions (Franco et al. 2012) (Table S1 ). The localization of these mCherry-tagged proteins in yeast was identical to the one observed for the GFP fusions, with all displaying a punctate distribution (Fig. 5) . In the case of VipA WT , approximately 84% of the VipA-mCherry foci overlapped with ABP1-GFP, and ~86% with ABP140-GFP. These levels were in general similar to the ones seen for VipA ΔNH2 , VipA ΔCC , VipA NPY→AAA and VipA ΔPro , whose puncta showed a co-localization of between 65 and 95% with the actin markers. However, these values were drastically reduced for VipA ΔCOOH , where only ~18% of the puncta co-localized with ABP1-GFP and ~12% with ABP140-GFP.
Although ABP1-GFP and ABP140-GFP mark distinct actin structures in the yeast cell, these two markers colocalize themselves during actin patch movement (Huckaba et al. 2004 ). This explains the similar levels of colocalization of each VipA protein with ABP1 and ABP140. The presence of fusion proteins and migration on SDS-PAGE according to the predicted molecular mass was assessed by immunoblot with an anti-mCherry antibody (Fig. S3C) .
In summary, the analyses of the subcellular localization of VipA mutants in yeast indicated that absence of the NH 2 , CC, or COOH regions of VipA does not affect protein localization in foci, while presence of only the Statistical analysis was performed as described in Experimental Procedures and the obtained P values indicating statistically significant differences (P < 0.05) are indicated (**, P < 0.005; ***, P < 0.001).
NH 2 , CC, or COOH regions leads to a homogenous cytosolic distribution. However, while VipA WT , VipA ΔNH2 or VipA ΔCC foci significantly co-localized with ABPs, this was not observed for VipA ΔCOOH foci. Therefore, these results also implicate the COOH region of VipA in mediating the interaction of the protein with actin.
The COOH region of VipA is necessary and sufficient for actin binding
To test if the COOH region of VipA indeed mediates binding to actin, we analyzed the interaction of VipA WT with actin by comparison with VipA mutant proteins lacking (VipA ΔCOOH ) or still carrying the COOH region (VipA ΔNH2, VipA ΔCC , and VipA COOH ) . For this, we transfected CHO cells with plasmids expressing EGFP (as control), VipA WT -EGFP, VipA ΔNH2 -EGFP , VipA ΔCC -EGFP, VipA ΔCOOH -EGFP , or VipA COOH -EGFP, and immunoprecipitated the fusion proteins from cell lysates using GFPTrap beads (Chromotek). Samples corresponding to input, nonbound, wash, and bound fractions were then probed with anti-GFP and anti-actin antibodies. As expected, actin was pulled down from a cell lysate containing VipA WT -EGFP, but not from the one that expressed EGFP only (Fig. 6) . Furthermore, except for VipA ΔCOOH -EGFP, all VipA-EGFP mutant proteins analyzed promoted the pull down of actin (Fig. 5) . The band corresponding to the VipA WT -EGFP, VipA ΔNH2 -EGFP, and VipA ΔCC -EGFP proteins in the input fraction could not be detected because of the low amounts of sample loaded on gel (Fig. 6) . To confirm that the position of GFP within VipA was not affecting binding to actin, VipA proteins fused to GFP through their N-termini were used, and identical results were obtained (data not shown).
Overall, this showed that the COOH region of VipA is necessary and sufficient to pull down endogenous actin from mammalian cells extracts. Because purified VipA can bind actin directly (Franco et al. 2012) , this indicates that the COOH region of VipA (Fig. 1) is an actin-binding region. 
The COOH region of VipA is essential for actin polymerization
To test if these mutant proteins were affected in their ability to increase microfilament formation, we carried out in vitro actin polymerization assays. For this, the relevant VipA proteins (VipA WT , VipA ΔNH2 , VipA ΔCC , VipA ΔCOOH and VipA COOH ) were purified as N-terminally his-tagged proteins (His 6 -VipA proteins). We used 1 μmol/L of total G-actin (10% labeled with pyrene) and tested initially purified His 6 -VipA proteins at 100 nmol/L, which corresponded to the concentration for which VipA WT presented its highest effect (Franco et al. 2012 ; Fig. 7A ). At this concentration, His 6 -VipA ΔNH2 polymerized actin as well as His 6 -VipA WT , His 6 -VipA ΔCC retained some ability to polymerize actin, but was not as active as His 6 -VipA WT , and His 6 -VipA ΔCOOH failed to promote actin polymerization, displaying a curve with levels identical to the reaction containing actin only (Fig. 7A) . Interestingly, at 100 nmol/L, VipA COOH also did not influence microfilament formation (Fig. 7A) . To see if higher concentrations of His 6 -VipA proteins had any impact on filament growth rates, we performed identical assays in the presence of increasing concentrations of the purified VipA proteins (Fig. 7B ). For His 6 -VipA ΔCOOH , no effect was seen on actin polymerization even with concentrations as high as 1 μmol/L (Fig. 7B) . In the cases of His 6 -VipA ΔNH2 and His 6 -VipA ΔCC , higher concentrations led to an inhibition in the formation of microfilaments (Fig. 7B) . The impact at high concentrations was drastic in the case of VipA COOH , with filament growth being completely blocked (Fig. 7B) .
These results showed that the COOH region of VipA is essential, but not sufficient, for the ability of the protein to mediate actin polymerization in vitro. Furthermore, high concentrations of VipA truncated proteins containing the COOH region (VipA ΔNH2 , VipA ΔCC , and VipA COOH ) inhibit actin polymerization, indicating that both the NH 2 and the CC regions of VipA play a fundamental role in the mechanism of VipA-mediated actin polymerization.
The NH 2 and COOH regions, and the NPY 76-78 motif, of VipA are necessary to cause trafficking defects in S. cerevisiae
To assess the regions of VipA necessary for its capacity to interfere with organelle trafficking in yeast (Shohdy et al. 2005) , we tested the ability of all previously analyzed variants (VipA ΔNH2 , VipA ΔCC , VipA ΔCOOH, VipA NH2 , VipA CC , VipA COOH , VipA NPY→AAA and VipA ΔPro ; Fig. 1 ) to induce a Vps defect in yeast. For this purpose, we used the S. cerevisiae reporter strain NSY01 that expresses a modified form of invertase (CPY-Inv), which can be diverted from the original vacuolar route to the outside of the cell as a consequence of vacuolar protein mistrafficking. Secreted invertase can then be detected in a colorimetric enzymatic assay qualitatively in solid media, or quantified in liquid media (Darsow et al. 2000; Shohdy et al. 2005) . We used the NSY01 strain as recipient to Figure 6 . The COOH-terminal of VipA is an actin-binding region. Immunoprecipitation assays of VipA-EGFP fusions were carried out with cell extracts from transfected CHO cells using GFP-Trap beads (ChromoTek). Immunoblots of the samples corresponding to input fraction (1.5% loaded on gel), nonbound (1.5%), last wash (3%) or bound fractions (60%) were performed with anti-actin and anti-GFP antibodies. introduce the plasmids carrying the relevant VipA-GFP fusions. A negative control strain was used that expressed only GFP, giving rise to white colonies in a plate assay (Vps + phenotype), whereas a positive control expressing a dominant negative form of the ATPase Vps4 yielded brown colonies (Vps4 E233Q , Vps − phenotype; Fig. 8 ) (Shohdy et al. 2005) . A similar Vps − phenotype was observed for a strain expressing VipA WT , whereas in strain expressing a VipA mutant analyzed in previous studies, VipA-1 (Franco et al. 2012 ) normal vacuolar trafficking is restored (Fig. 8) . When compared to VipA WT , VipA ΔCC and VipA ΔPro were still able to cause a Vps − phenotype in galactose inducing media, but not in fructose noninducing media (Fig. 8A) . However, VipA ΔNH2 , VipA ΔCOOH , VipA NPY→AAA , VipA NH2 , VipA CC , and VipA COOH were all unable to cause a Vps − phenotype (Fig. 8A) . To get a quantitative measure of this effect, an identical assay was carried out in liquid media where both the amounts of secreted and total invertase were assessed for each strain, with the percentage of secreted enzyme reflecting the intensity of the Vps phenotype (Fig. 8B) . Similarly to the qualitative assays, the results obtained indicate that the CC and the proline-rich regions are not essential for interference of VipA with vacuolar trafficking in yeast (Fig. 8B) . In contrast, deletion of the NH 2 or COOH regions, or substituting the NPY 76-78 motif for alanines, resulted in an activity of secreted invertase comparable to the negative control strain only expressing GFP (Fig. 8B) . This was not due to lower amounts of these proteins in the eukaryotic cell, as ruled out by immunoblot analysis of the corresponding cell extracts (Fig. S3B) , which showed that the fusion proteins analyzed accumulate in the cell in amounts similar to VipA WT .
VipA WT -EGFP
Overall, this indicates that the NH 2 and COOH regions of VipA are both necessary to disrupt vacuolar protein trafficking in S. cerevisiae. Furthermore, it suggests a role of the NPY 76-78 motif within the NH 2 region of VipA in this process.
Discussion
The L. pneumophila effector collection comprises over 300 proteins, but to date only VipA, Ceg14 and, more recently, LegK2 have been shown to target actin (Franco et al. 2012; Guo et al. 2014; Michard et al. 2015) . Ceg14 and LegK2 inhibit actin polymerization, whereas VipA is an actin nucleator that interferes with trafficking in yeast by affecting the MVB pathway (Shohdy et al. 2005) . After being translocated into macrophages, VipA localizes to cortical actin patches and in puncta that partially co-localize with early endosomes, a distribution similar to the one observed when it is ectopically expressed as GFP fusions in mammalian cell lines (Franco et al. 2012) . In this work, we analyzed the role of different regions of VipA on its subcelullar localization and known functions. We found that: (1) the NH 2 and CC regions of VipA are required for its localization in distinct puncta in mammalian cells; (2) the NH 2 region of VipA, including the NPY 76-78 motif, is likely involved in co-localization with early endosomes; (3) the COOH region of VipA is necessary and sufficient for binding to actin and is essential for actin polymerization mediated by VipA; (4) the NH 2 and COOH regions, including the NPY 76-78 motif, are required for the protein to interfere with organelle trafficking in yeast. Because VipA mutant proteins that bind and can polymerize actin (VipA ΔNH2 ,) or that do not bind and do not polymerize actin (VipA ΔCOOH ) are both defective in inducing a Vps defect in yeast, this indicates that binding of VipA to actin and VipA-mediated actin polymerization are not sufficient for the ability of VipA to interfere with organelle trafficking in yeast. Furthermore, VipA mutant proteins that fail to localize at early endosomes (VipA ΔNH2 and VipA NPY→AAA ) as well as VipA WT are also defective in inducing a Vps defect in yeast. Therefore, our data support a model in which both binding to actin and localization to endosomes are needed for VipA to interfere with eukaryotic vesicular trafficking.
Although actin-binding assays show the requirement of only the COOH for interaction with VipA, deletion of each major VipA region had an effect on its actin polymerization activity (Fig. 6) . Surprisingly and in contrast to the VipA WT , mutants that contain the COOH region (VipA ΔNH2, VipA ΔCC and VipA COOH ) have an inhibitory effect on microfilament formation when present at higher concentrations (e.g., 0.5-1 μmol/L; Fig. 6B ). This effect is concentration-dependent and the kinetics differ between mutants, from a constant inhibition of polymerization observed for VipA COOH and VipA ΔCC , to a curve displaying an initial induction of filament growth followed by depolymerization triggered by VipA ΔNH2 . This biphasic effect Figure 7 . The COOH-terminal region of VipA is essential, but not sufficient, for VipA-mediated actin polymerization. In vitro actin polymerization assays were carried out in the presence of 1 μmol/L monomeric actin (10% Pyrene-actin) and purified wild-type or mutant His 6 -VipA. Fluorescence (expressed in Arbitrary Units, AU) was measured over time after initiation of polymerization (at t = 3 min). (A) Samples were preincubated with 100 nmol/L of each purified His 6 -VipA variant. (B) Samples were preincubated with the indicated concentrations of each purified His 6 -VipA variant. Curves representative of at least three independent experiments are shown.
of VipA ΔNH2 is reminiscent of Formin INF2 (Chhabra and Higgs 2006) , that in addition to inducing nucleation and elongation of F-actin, can also induce depolymerization at the pointed end of microfilaments in a P i -and profilindependent manner (Chhabra and Higgs 2006) . Depolymerization of microfilaments observed for VipA COOH and VipA ΔCC (Fig. 6B) has also been registered for high concentrations of the NH 2 -terminal of the nucleator Spire, possibly due to the sequestering of actin monomers (Bosch et al. 2007 ). These results suggest that, although the interaction with actin is mediated by the VipA COOH-terminal region alone, the other regions are fundamental for its full action on filament growth, possibly by modulating the binding affinity and/or the correct positioning of VipA during its interaction with actin. Further studies are necessary to understand how these VipA variants are affecting actin dynamics and clarify the role played by each protein region in its activity on actin polymerization.
Actin is a key target of intra-and extracellular pathogens that may stimulate or block its polymerization. Bacterial effectors have various modes of inducing actin polymerization, either by targeting eukaryotic actin nucleators (Truong et al. 2014) , related Nucleation-Promoting Factors (NPFs) or their cognate upstream Rho GTPase activators (Hardt et al. 1998; Egile et al. 1999; Stender et al. 2000; Zhou et al. 2001; Patel and Galan 2006; Rottner et al. 2010) . However, only a few bacterial proteins able to directly polymerize actin per se have been identified to date (reviewed in (Bugalhão et al. 2015) . These effector proteins contain a Wiskott-Aldrich homology 2 (WH2) motif, a G-actinbinding domain prevalent in actin modulators belonging to the WASP family of NPFs and to the Tandem Monomer Binding family of nucleators such as Spire (Machesky and Insall 1998) . Additionally, some contain proline-rich Formin homology 1 (FH1) domains, which have been assigned diverse roles in the function of these effectors, namely in oligomerization, binding to profilin-actin, and nucleation of actin (Jewett et al. 2006; Tam et al. 2007; Madasu et al. 2013) . Although L. pneumophila VipA does not contain a consensus sequence for a WH2 domain, its COOH-terminal region harbors a proline-rich sequence. However, our results show that this region is not necessary for a punctate localization of VipA in cells, neither for its ability to interfere with yeast vesicle trafficking. In contrast, substitution of NPY 76-78 for alanines yielded a protein that shows a significant decrease in its co-localization with EEA-1 and ability -VipA-GFP) were grown in inducing (in the presence of galactose; "+GAL") or noninducing (in the presence of fructose; "+FRU") conditions. The activity of secreted CPY-invertase, indicative of defects in vacuolar trafficking pathways, was assessed qualitatively in solid medium using a sucrose overlay assay (see Experimental Procedures). (B) The S. cerevisiae NSY01-derived strains were grown in liquid medium in inducing conditions (in the presence of galactose) and the activity of invertase (in the culture supernatant and within yeast cells) was determined quantitatively (see Experimental Procedures). The values correspond to the mean and standard error of the mean of at least three independent experiments.
to interfere with yeast organelle trafficking. A role for the NPY motif has been established for the enteropathogenic and enterohemorrhagic Escherichia coli (EPEC and EHEC) and Citrobacter rodentium effector protein Tir (Kenny 1999; DeVinney et al. 2001; Deng et al. 2003; Brady et al. 2007) . Although the mechanisms have not been completely elucidated, this motif is required for pedestal formation by triggering weak actin polymerization, in a process that involves phosphorylation of the tyrosine and recruitment of N-WASP (in EPEC), and additionally effector EspF U (in EHEC).
In spite of sequence homologies and related mechanistic effects on actin assembly, the function of these bacterial nucleators in the host cell is diversified, from enabling bacterial motility to formation of stress fibers or surface protrusions to promote colonization (Jewett et al. 2006; Liverman et al. 2007; Tam et al. 2007; Haglund et al. 2010; Benanti et al. 2015) . Although the specific function of VipA during infection remains unclear, the results point to a distinct role directed at perturbing vesicle trafficking. Interestingly, a function for Legionella LegK2 in inhibiting actin polymerization linked to endosomal arrest has been identified recently (Michard et al. 2015) . LegK2 localizes to the LCV where it prevents phagolysosomal fusion by blocking local Arp2/3-mediated actin polymerization in the amoeba Dictyostelium discoideum. A similar function in blocking endocytic fusion with the LCV has been assigned to the effector VipD, identified in a screening for Legionella genes leading to a Vps − phenotype in yeast at the same time as VipA (Shohdy et al. 2005) . VipD is a phospholipase recruited and activated by host GTPases Rab5 and Rab22 to endosomes. In these organelles, VipD contributes to the depletion of PI3P and consequent inability to recruit downstream effectors, thus rendering these compartments fusion incompetent. This process allows nearby located LCVs to bypass the phagosomal compartment in macrophages (Ku et al. 2012; Gaspar and Machner 2014) . Thus, the identification and mode of action of L. pneumophila effectors that target eukaryotic vesicle trafficking or actin dynamics is coming to light, two functions performed by VipA. Our results are in accordance with a model where this effector may be acting as a link between actin dynamics and the endocytic pathway, with its COOH-terminal region mediating the interaction with the cytoskeleton component and the NH 2 region with the endocytic vesicles, possibly altering their lipidic or protein composition. The concerted action of VipA in these two processes may contribute to the Legionella avoidance of endolysosomal degradation during infection, or a disturbance in the adaptive immune response, by interfering with antigen presentation.
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